Galactic outflows, driven by active galactic nuclei (AGNs), play a crucial role in galaxy formation and in the self-regulated growth of supermassive black holes (BHs). AGN feedback couples to and affects gas, rather than stars, and in many, if not most, gasrich galaxies cold gas is rotationally supported and settles in a disc. We present a 2D analytical model for AGN-driven outflows in a gaseous disc and demonstrate the main improvements, compared to existing 1D solutions. We find significant differences for the outflow dynamics and wind efficiency. The outflow is energy-driven due to inefficient cooling up to a certain AGN luminosity (∼ 10 43 erg s −1 in our fiducial model), above which the outflow remains momentum-driven in the disc up to galactic scales. We reproduce results of 3D simulations that gas is preferentially ejected perpendicular to the disc and find that the fraction of ejected interstellar medium is lower than in 1D models. The recovery time of gas in the disc, defined as the freefall time from the radius to which the AGN pushes the ISM at most, is remarkably short, of the order 1 Myr. This indicates that AGN-driven winds cannot suppress BH growth for long. Without the inclusion of supernova feedback, we find a scaling of the BH mass with the halo velocity dispersion of M BH ∝ σ 4.8 .
INTRODUCTION
The majority of galaxies in the local and distant universe host supermassive black holes (SMBHs) in their centres. The accretion discs around SMBHs are nature's most efficient engines to convert gravitational energy of the infalling gas into radiation. These extreme sources of energy are expected to have a strong feedback effect on the galactic gas content and star formation. AGN feedback may also selfregulate the growth of the central SMBH and its inclusion in models of galaxy formation improves the match between the simulated and the observed galaxy luminosity function for massive galaxies (Bower et al. 2006; Croton et al. 2006; Somerville et al. 2008; Hirschmann et al. 2014; Croton et al. 2016) .
There are several observations that indicate a correlation between the mass of the central SMBH and largescale properties of the host galaxy, such as the stellar velocity dispersion σ, luminosity, or the bulge mass (Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Marconi & Hunt 2003; Häring & Rix 2004; Gültekin et al. 2009 ). These relations imply a possible co-evolution of the black hole (BH) and its host galaxy, E-mail: tilman.hartwig@ipmu.jp and AGN feedback has been suggested to be responsible for regulating accretion on the BH and star formation in the galaxy, possibly guiding this correlation (see Heckman & Kauffmann 2011 , for a review). The co-evolution, however, is still debated and there are many open questions regarding the nature of AGN feedback (recent reviews on the observational evidence and the theoretical modelling of AGN feedback can be found in Fabian 2012; King & Pounds 2015) . Is this relation between the BH mass and galactic properties still valid in galaxies at higher redshift or with lower masses (Greene et al. 2008; Baldassare et al. 2015; Reines & Volonteri 2015; Habouzit et al. 2017) ? How and in which form is the energy from the AGN on sub-pc scales communicated to the interstellar medium (ISM) on kpc scales? Under which conditions can gas escape the gravitational potential of a galaxy? How could the first BHs grow to masses above 10 9 M within the first billion years of the universe, although strong radiative feedback is expected to suppress further gas inflow on to the BH?
Our current understanding of AGN-driven outflows is based on observations at various wavelengths. The dynamics of the ISM, which is a first indicator of AGN feedback, can be traced by dust, CO, C + , or Cii emission with radio telescopes, such as ALMA. The observations of gas kinematics of high-z galaxies is one of ALMA's main science drivers and it can reach sub-kpc resolution at z = 6 (Wang et al. 2013; Trakhtenbrot et al. 2017; Decarli et al. 2018 ). Radio observations reveal large molecular outflows with velocities of 100 km s −1 up to a few times 1000 km s −1 (Aalto et al. 2012; Cicone et al. 2014) . Recently, Maiolino et al. (2017) report star formation inside a galactic outflow, another strong indication for the presence of an outflow of cold gas. In Mrk231, the closest and best-studied quasar, we observe velocities of ∼ 1000 km s −1 and mass outflow rates of the order ∼ 1000 M yr −1 (Feruglio et al. 2010; Rupke & Veilleux 2011; Sturm et al. 2011) . These outflows have to be powered by the AGN, because SN-driven outflows can only account for outflow velocities up to ∼ 600 km s −1 (Martin 2005; Sharma & Nath 2013) . Besides these molecular outflows, the Fe K lines in the X-ray reveal highly ionized AGN outflows with mildly relativistic velocities of ∼ 0.1c (Chartas et al. 2002; Pounds et al. 2003; Reeves et al. 2003; Cappi 2006; Gofford et al. 2013) . Some ultrafast outflows even have velocities up to ∼ 0.3c, but the majority has velocities around ∼ 0.1c (King & Pounds 2015) .
The consensual picture of AGN-driven outflows consists of an inner, line-driven disc wind with mildly relativistic velocities (also called "nuclear wind"). This highly ionized wind is shocked once it encounters the denser ISM and drives a forward shock into the ISM, which sweeps up most of the gas. As we discuss below, the details of the driving mechanism depend on the efficiency of cooling in the shocked wind: if the internal energy is radiated away, only the momentum input from the AGN drives the outflow ("momentumdriven"). If cooling is inefficient, the hot shocked wind adiabatically expands and drives the shock into the ISM ("energy-driven"). These different driving mechanisms have fundamental influence on the outflow dynamics and the thermal state of the outflow. Most of the thermal energy is carried by the shocked wind and the shocked ISM accounts for the bulk part of the kinetic energy.
Several groups have developed 1D analytical models of AGN-driven outflows in these two different regimes (Silk & Rees 1998; Fabian 1999; King 2003; Murray et al. 2005; Silk & Nusser 2010; Ishibashi & Fabian 2012; Zubovas & King 2012; Faucher-Giguère & Quataert 2012) . While these models can reproduce several observations, the assumption of a spherically symmetric gas distribution is too simplistic to capture the complexity of a realistic galaxy. Moreover, these models often assume an energy-or momentum-driven outflow, without self-consistently solving for the corresponding transition. For a momentum-driven outflow, you find a characteristic BH mass of (King & Pounds 2015) Mσ = fgasκ πG σ 4 ,
with the gas opacity κ, above which the AGN can eject the gas out of the gravitational potential of its host galaxy and hence prevents further BH growth. The ∝ σ 4 scaling is independent of the underlying density distribution (McQuillin & McLaughlin 2012) . If, on the other hand, we assume an energy-driven outflow, this characteristic mass and its scaling with the velocity dispersion is given by
where η is proportional to the mechanical luminosity (Silk & Rees 1998; Haehnelt et al. 1998; Fabian 2012; McQuillin & McLaughlin 2013) . Observationally, different values for the exponent α of the M-σ relation, MBH ∝ σ α , are proposed, ranging from α = 3.7 (Gebhardt et al. 2000) to α = 5.6 (McConnell & Ma 2013) with other values within this range (see e.g. Ferrarese & Merritt 2000; Tremaine et al. 2002; Gültekin et al. 2009; Kormendy & Ho 2013) .
Numerical simulations of AGN-driven outflows in 3D demonstrate that the outflow takes the path of least resistance and propagates preferentially towards the steepest density gradient, i.e. along the poles of the host galaxy (Gaspari et al. 2011a (Gaspari et al. , 2013 Gabor & Bournaud 2013 , 2014 Costa et al. , 2015 Roos et al. 2015; Bieri et al. 2017; Barai et al. 2018 ). This results in highly anisotropic outflows as found by and observationally confirmed by Cicone et al. (2015) . However, 3D simulations remain expensive, have explored limited parameter space, and have not yet focused on low-mass or high-redshift galaxies.
Our aim is to develop a flexible, but general model to study AGN feedback in galaxies where rotational support in the gas component is non-negligible. We derive a 2D analytical model for AGN-driven outflows: two dimensions are sufficient to capture the geometry of a disc-like galaxy, which allows simultaneously an AGN-feeding inflow and an ISMejecting outflow, but it is still simple enough to be treated analytically and flexible enough to explore a large parameter space with this model. We include a self-consistent transition from momentum-to energy-driving and derive observables, such as velocities, mass outflow rates, and momentum loading.
METHODOLOGY
In this section we describe the basic equations that govern our 2D analytical approach, justify necessary approximations, and introduce our physically motivated galaxy model.
Galaxy model
We present and motivate the individual components and characteristic radii of our analytical approach.
Gas density profile of the disc
Our main focus is to model AGN-driven outflows in lowmass galaxies, which represent the first galaxies at high redshift or dwarf galaxies at lower redshift (Penny et al. 2017) . We assume that the gas distribution in these galaxies can be approximated by a 2D axisymmetric density profile. The surface brightness of many spiral galaxies can be described by an exponential profile (Sérsic 1963; Freeman 1970; Courteau et al. 1996) . Smit et al. (2017) recently report the observation of two z ≈ 6.8 galaxies with a clear velocity gradient in Cii , which might suggest the presence of a turbulent, rotation-dominated disc. Based on imaging spectroscopy of the Hα emission line, Genzel et al. (2017) confirm that the observed velocity profiles of high-z disc galaxies favour a thick exponential disc profile and Pawlik et al. (2011) also find a disc structure for the first galaxy in their 3D hydrodynamical simulations. We therefore assume an exponential profile for the surface density
where R0 is the scaling radius, given by (Mo et al. 1998 ):
with j d being the fraction of the specific angular momentum of the halo that goes into the disc, m d the fraction of the halo mass that settles into the disc, and λ the spin parameter of the halo. For typical halos we assume j d ≈ m d ≈ λ ≈ 0.05 and hence
The scale height of an isothermal, self-gravitating disc is given by
where cs is the sound speed of the gas. The derivation of this relation assumes a locally constant surface density and the real scale height might be smaller in regions where the disc surface density changes significantly with radius. For the total density profile of the disc we require
By assuming
we find
The gas mass inside a radius R for the exponential disc is given by
For reasonable values of the spin parameter λ, the second term is negligible. Assuming that m d M h is the mass of the disc within Rvir we can calculate the normalization of the surface density as
where M h is the mass of the halo.
Dark matter
Following , we assume a spherically symmetric Hernquist profile (Hernquist 1990 ) of the form
and
with fgas = Ω b /Ωm = 0.17 and the scaling radius a = 0.1Rvir. With small r we denote the radius in spherical geometry in contract to capital R which we use for the radius in the disc plane in cylindrical coordinates.
1D reference model
To highlight the differences of a 2D model, we also compare our new model to a spherical 1D gas distribution for which we assume that the radial gas profiles follows a Hernquist profile with
where a = 0.1Rvir is the scaling radius.
Fiducial galaxy model
For our fiducial model we assume typical parameters of a z = 6 galaxy with a halo mass of M h = 10 8 M . The BH has a mass of MBH = 10 5 M and shines at an Eddington ratio of f Edd = 0.3. We assume that the AGN shines for a time of ton = 10 Myr with a constant luminosity that is given by the BH mass and the Eddington ratio. The resulting surface density normalization and disc scale height at the scale radius are Σ0 = 0.28 g cm −2 and H(R0) = 2.6 pc, respectively. In section 3.2 we vary all these model parameters independently to analyse their influence on the outflow dynamics.
We do not include a stellar population in the galaxy because its gravitational potential has no direct influence on the outflow dynamics. Galaxies at z 6 have a stellar mass fraction of at most 10%, relative to their baryon content (O'Shea et al. 2015; Trebitsch et al. 2017) . Low-mass galaxies with a halo mass of M h ≈ 10 8 M , such as our fiducial model, have even lower stellar mass fractions of 0.1 − 1% (Behroozi et al. 2013; Trebitsch et al. 2017) . In one test scenario we include a stellar population as a Hernquist profile with a scaling radius of a * = 5 pc (Park et al. 2016 ) with a stellar mass fraction of 10%. Even under this conservative assumption the time evolution of the AGN-driven outflow is not distinguishable from another model, in which we reduce the gas mass by 10%. This is because the dynamics of the outflow is dominated by the inertia of the swept-up gas and not by the gravity of the external potential. Phrased differently, the inclusion of a static stellar potential does not affect the outflow and only the implicated lower gas mass has a small effect.
A smaller gas mass fraction, e.g. due to star formation at lower redshift, would decrease the surface density normalization. Also, gas in high-z galaxies is turbulent and has significant pressure support (Genzel et al. 2008; Förster Schreiber et al. 2009; Safranek-Shrader et al. 2012) , which would additionally increase the disc scale height. These effects would lower the ISM density in the disc plane and permit the AGN-driven wind to propagate to larger radii.
Initial and final radii
We start the integration of the outward driven shock at an initial radius Rmin. The physical interpretation of this radius is the innermost distance where the disc wind starts to sweep up the interstellar medium (ISM). We use the selfgravity radius of the accretion disc as a proxy for Rmin and we express it in units of the Schwarzschild radius:
For standard values of the disc viscosity and Eddington ratio the outer radius of the disc (i.e. self-gravity radius) and hence the inner radius for our integration is given by (Shakura & Sunyaev 1973; Goodman & Tan 2004; King et al. 2008; Dotti et al. 2010) Rmin ≈ 10 5 RSS,
which yields consistent results for all the tested parameter combinations and for BH masses, spanning many orders of magnitude.
We integrate the equations out to arbitrary radii, but the physically interesting regime is within the virial radius. Hence, we follow the outflow in each direction until it either becomes subsonic, or until it crosses the virial radius of the halo. Since the escape velocity at the virial radius is roughly equal to the sound speed, we assume that the wind escapes the gravitational potential of the halo if it reaches the virial radius and is still supersonic.
Quantifying the outflow
We define a set of parameters that quantify the efficiency, dynamics, and nature of the outflow.
We introduce a radius, Rmax, out to which the outflow has to push the gas at least to stop further gas accretion on to the central BH. Due to the higher gas density in the disc plane, it is a sufficient criterion for the outflow to reach Rmax in the disc plane. A sufficient criterion to prevent further gas accretion on to the central BH is Rmax = Rvir and a necessary criterion is Rmax > Rsoi, where Rsoi is the sphere of influence, within which the dynamics is dominated by the BH.
Once pushed out to a certain radius, the question is if this gas can reach the BH in a sufficiently short amount of time to start refuelling the AGN. We hence relate Rmax to the recovery time t ff , which we define as the minimum time the gas needs to fall back towards the central BH, after being pushed out to the radius Rmax. Expressing the free-fall time via the sound crossing time yields for Rmax in the disc plane
There is no unique criterion on the absolute value of Rmax or t ff to shut off further gas accretion. We therefore present and discuss both relative to the scale radius of the disc and to the lifetime of the AGN. If t ff is greater than the AGN lifetime, we can assume that the outflow is efficient enough to significantly suppress further mass accretion. The ejected mass Meject is the gas mass that is ejected from the gravitational potential of the halo, i.e. that passes the virial radius with a velocity larger than the escape velocity. The ejection angle θeject is the last angle (measured from the disc normal) for which gas can escape the halo. It defines the opening angle of a cone, which is cleared off gas by the AGN-driven wind. Gas outside this cone is pushed to Rmax(θ), but falls back towards the galactic centre over a time t ff . The free-fall time in the disc plane is defined as the time which gas that has been pushed to a certain radius needs at least to fall back towards the central BH, once the shock becomes subsonic (see Eq. 17). This is an approximate quantification for how long an AGN can shut off its own gas supply.
We also compare the mass accretion rate of the central BH:
to the mass outflow rate:
where the mass and velocity of the shell resolution elements are summed over all angles i. The mass outflow rate generally varies with time, but to make it more accessible for a direct comparison to the mass accretion rate, we define the mass outflow rate at the sphere of influence, which is one unique number. In theory, the shell crosses the sphere of influence at different times for different angles and we need to sum over shell elements at different "crossing-times". However, in practice, the shell crosses the sphere of influence for all angles in the same time-step, because the density profile of the exponential disc is close to spherical in the centre and there is no preferred direction. Comparing these two mass rates quantifies the efficiency of the AGN to convert infalling, accreted mass into a mass outflow.
The ratio Rperp/R disc quantifies the asymmetry of the outflow. At any time, R disc is the position of the shock front in the disc plane and Rperp perpendicular to it. If this ratio is equal to one, the wind propagates almost spherically symmetric. For values above unity the outflow develops peanutshaped lobes. This ratio illustrates the importance and improvement of a 2D treatment with respect to 1D wind solutions.
We define the momentum boost, which is often referred to as "mechanical advantage", as the ratio of the total momentum of the AGN-driven wind divided by the total momentum input by photons:
The vectorial sum would be equal to zero, but summing the absolute values of the momentum allows to quantify the efficiency of the AGN to accelerate the gas. In the momentumdriven regime we expect
but the adiabatic expansion in the energy-driven case can yield mechanical advantages above unity. Observations find momentum boost in the range of ∼ 2-30 (Rupke & Veilleux 2011; Sturm et al. 2011 ) and 3D simulations yield momentum boosts of 1-30 (Cicone et al. 2014; Bieri et al. 2017 ).
Shock acceleration
There are two systematically different types of outflows: if the shocked wind cools efficiently, the outflow is accelerated only by the momentum transfer and the outflow is called momentum-driven. A momentum-driven outflow develops a thin shock layer. For less efficient cooling, the shock-heated gas remains at temperatures of > 10 7 K and the adiabatic expansion of the hot shocked wind accelerates the shock into the ISM. In this case, a thick shock layer develops and the outflow is labelled energy-driven, because the internal energy of the adiabatically expanding shock-heated wind drives the outflow.
In a disc-like geometry we expect the shock to propagate faster into the direction of lower density. This implies that a self-consistent 2D treatment of the wind propagation is important to capture all the relevant physics of the shock dynamics.
We can assume that the shock front is locally planeparallel and in the rest frame of the shock front, the Rankine-Hugoniot jump conditions for a plane parallel shock are as follows:
where the index 1 refers to the pre-shock and the index 2 to the post-shock conditions of the density ρ, velocity u, pressure P , and the specific internal energy . For a strong shock with Mach number
we find ρ2 ρ1
where the last equalities are valid for an adiabatic coefficient of γ = 5/3 (Shull & Draine 1987) . Hence, a shock converts supersonic gas into denser, slower moving, higher pressure, subsonic gas. The density of the shocked wind depends on the available cooling channels. For a radiative (momentum-driven) strong shock, the post-shock density is given by ρ2 = 4ρ1 (Eq. 26). In the energy-driven case the density of the shocked wind depends on the thickness of the shock. We generally refer to the shock position as the contact discontinuity between the shocked wind and the shocked ISM, and the thickness of the shocked wind is given by
where R and Rsw are the position of the contact discontinuity and of the wind shock, respectively (see illustrations of outflow dynamics in Zubovas & King 2012; Faucher-Giguère & Quataert 2012; King & Pounds 2015; Dashyan et al. 2018) . The radius where the wind is shocked for an energy-driven outflow is given by Faucher-Giguère & Quataert (2012) :
and the thickness of the shocked wind is ∆r = r(1 − (v/vin) 1/2 ). We do not use this thickness of the shock explicitly for the integration of the equations of motion, but we use it implicitly to calculate the rate of radiative cooling (Sec. 2.4.3).
Equation of motion: momentum-driven
The shock is accelerated by the momentum input of the AGN, counteracted by gravity (King 2010; Ishibashi & Fabian 2014 King & Pounds 2015) :
where f edd is the Eddington fraction, M shell is the mass of the swept-up ISM, and
is the Eddington luminosity. The term F selfgrav is not explicitly mentioned in most studies (King 2010; Ishibashi & Fabian 2014 King & Pounds 2015) , but it accounts for the swept-up gas in the shell and the gravity contribution from the gas outside the shell. The gravitational force of the ambient gas is negligible, but self-gravity of the shell has to be included. The term L/c describes the total momentum per unit time that can be transferred to the gas via single scatter events. For Thomson scattering we assume that the directions of the photons after one scattering are random and that the momentum transfer from secondary scattering events cancels out. However, there is a probability 0 < p 1 for the photons to escape freely without any interaction with the ISM:
with the opacity κ = σt/mp = 0.4cm 2 g −1 . The fraction of the total force input L/c that actually couples to the gas is hence
We do not explicitly account for this effect and show in Section 3.1 that it is negligibly small and irrelevant in most of the scenarios considered. However, see Ishibashi & Fabian (2015) for a more detailed discussion of this effect and for the influence of multiscattering of IR photons on dust grains.
Equation of motion: energy-driven
In the energy conserving case, the shocked ISM is not accelerated by the direct momentum input, but by the adiabatic expansion of the shocked wind. The momentum equation
where P is the pressure in the shocked wind, which can be calculated via energy conservation
where V is the volume and η sets the mechanical luminosity, which can be expressed as η = vin/c (see section 2.5). This energy conservation assumes that the thermal energy of the shocked wind is much higher than its kinetic energy, which is generally the case (Faucher-Giguère & Quataert 2012).
Cooling and Heating
In this section we discuss the most important heating and cooling mechanisms of the gas. We demonstrate that inverse Compton cooling is the only relevant mechanism on the scales of interest (Ciotti & Ostriker 1997 ) and discuss why radiative cooling of the wind shock can be neglected.
Compton Cooling
The Compton cooling time of gas is given by
with the radiation energy density
and the internal energy in the shocked gas
where vin is the initial velocity of the disc wind, before it shocks with the ISM (see Sec. 2.5) and mp and me are the masses of the proton and electron, respectively. The Compton cooling time is hence given by (see also Faucher-Giguère & Quataert 2012)
Two temperature medium
Inverse Compton cooling acts only on the electrons. FaucherGiguère & Quataert (2012) analyse the cooling properties of a medium with different temperatures of the electrons and ions. They determine the characteristic time-scale to achieve thermal equilibrium (Te = Tp) to be
where e is the elementary charge and Λ ≈ 40. Assuming Tp = 10Te = 10 10 K and a proton density of np = 1cm −3 as typical post-shock conditions, this time-scale is of the order tei ≈ 1 Myr. Faucher-Giguère & Quataert (2012) show that this time-scale is longer than the Compton cooling time and might delay the cooling by up to two orders of magnitude. We do not include this effect of a two-temperature medium in our calculations and discuss its effect in Sec. 4.5.
Radiative Cooling
We only consider inverse Compton cooling in our calculation of the cooling time. To quantify the possible contribution of radiative cooling, we use the cooling function by Sutherland & Dopita (1993) in the functional form by Tozzi & Norman (2001) . The post-shock temperature is given by Eq. 28 and we calculate the gas density based on Eq. 30 or Eq. 26, depending on whether the shock is energy-or momentumdriven, respectively. The radiative cooling time becomes where ρ shock is the corresponding post-shock density and Λ the cooling function. The radial profile of the radiative cooling time and a comparison to other characteristic timescales can be seen in Fig.1 . Within ∼ 0.01 pc the velocity of the swept-up material is close to the initial wind velocity and therefore the shock would be infinitely thin (Eq. 31). This implies a very high density and an artificially short cooling time. In this case we set the post-shock density to ρ shock = 4ρ to avoid singularities. On all scales of interest, the radiative cooling time is always longer than the Compton cooling time and can be neglected.
Mechanical luminosity and initial wind velocity
The post-shock temperature is set by the pre-shock wind velocity vin (Eq. 28). By assuming that the initial wind mass rateṀin is equal to the accretion rate on to the BHṀBH, with a radiative efficiency of η ≈ 0.1 for the AGN, we obtain
The assumptionṀin =ṀBH might not be accurate, but we use it as a working hypothesis, following e.g. FaucherGiguère & Quataert (2012); ; King & Pounds (2015) and we explore the dependence on vin in Sec. 3.2.3. The assumption of vin = 0.1c is supported by observations of the Doppler-shifted Fe K band absorption lines, which are observed in many local AGNs (Pounds et al. 2003; Tombesi et al. 2010; Tombesi 2016) . Ostriker et al. (2010) provide a more detailed and complete discussion of the momentum driving and mechanical luminosity. This assumption enters in the calculation of the cooling time and for the mechanical input of the AGN. If we assume that the initial mass outflow rate is only a fraction of the accretion rate:
we would find vin = ηfaccc for the initial velocity and the energy equation would change to
Hence, in the parameter study of the outflow dynamics, facc and f Edd enter the equation of motion as a product, which allows us to keep one parameter fixed (facc = 1) and vary only the Eddington ratio. We assume that this initial line-driven disc wind is isotropic. This is supported by observations of ultrafast outflows in a large fraction of observed AGNs. Unless we see all AGNs from a very particular angle, these AGN-driven winds have large opening angles with an almost spherical driving mechanism (King & Pounds 2015) .
Momentum-to energy-driven transition
The main problem arises since the nature of the outflow depends on the dynamics of the shock and the shock dynamics depends on the nature of the outflow. We self-consistently check at any time if the outflow is energy-or momentumdriven (see Fig. 2 ).
We expect the transition to happen at different radii for different angles with respect to the disc plane. This implies that there are phases where momentum-and energy-driving occur at the same time in a given galaxy. For the energy input by the AGN in driving the adiabatic expansion, we correct it by the solid angle dΩ of the energy-driven outflow, because for 4π − dΩ we expect the energy input to be radiated away in the momentum-driven shock front. However, the remaining question is, which volume represents the correct basis for the energy equation of the adiabatic expansion: the entire volume enclosed by the shock front or only the volume enclosed by the energy-driven shock front? A Gedankenexperiment can help to settle this question: if we only had to consider the volume of the cone enclosed by the energy-driven shock (perpendicular to the disc plane, because we expect higher velocities in this direction), then what happens at the boundary of this cone? The adiabatically expanding volume does not know about whether it is enclosed by an energy-or momentum-driven shock front, but rather wants to expand in all directions. For the same reason, we have to adopt our treatment of the adiabatically expanding volume once the shock becomes subsonic: the gas still expands and can do so into the ISM with ∼ cs, even if the shock front is dissolved by turbulence. For directions into which the shock becomes subsonic, we hence follow the propagation of the swept-up mass and the adiabatically expanding volume separately. We have tested the influence of these methods and find that the difference is small.
Validation of the model: comparison to 1D solution
To test the robustness and convergence of the method, we first compare the results of our 2D analytical model to the results of and King (2005) . We assume M h = 10 12 M for the halo mass, a Hernquist profile for the dark matter and the gas, where the gas mass is Mgas = fgasM h with fgas = 0.17 and the scaling radius a = 28 kpc. The virial radius is Rvir = 163 kpc, the AGN shines at the Eddington luminosity and for the BH we assume three different masses of MBH = 5 × 10 7 , 10 8 , 3 × 10 8 M . We assume that there is no gas within the sphere of influence of the BH, which is ∼ 500 pc for these configurations. The results can be seen in Fig. 3 . Our 2D analytical model is able to reproduce the outflow dynamics of the 1D model by King (2005) and of the 3D simulation by in a spherical gas profile. We then adopt the same functional forms for the gas distribution (Hernquist profile) and apply it to our fiducial model with M h = 3 × 10 7 M and MBH = 10 5 M . The direct comparison of the outflow dynamics in 1D and 2D is given in Fig. 4 . For the same gas mass and AGN luminosity, the outflow in the 2D model can only eject mass within a cone with an opening angle of ∼ 45
• , whereas the same outflow in the 1D model ejects all the gas out of the virial radius. The main reason for this lower efficiency in the 2D scenario is that the pressure in the 1D model cannot escape, but builds up over time. In the 2D scenario, however, the pressure decreases with time due to the fast expansion of the energy-driven wind perpendicular to the disc.
RESULTS

Standard case (fiducial parameters)
We show the time evolution of the main dynamical quantities for our fiducial model in Fig. 5 . Within ∼ 0.01 pc the swept-up mass and hence the gas inertia is negligibly small and the dynamics is dominated by the impinging disc wind, which has an initial velocity of vin = 0.1c in our fiducial model. Our model is insensitive to the choice of the initial radius of integration Rmin, as long as it is within this disc wind-dominated region. When the cooling time becomes longer than the flow time, the pressure rises by about ten orders of magnitude and the outflow becomes energy-driven. The outflow slows down due to the inertia of the swept-up Figure 3 . Comparison of our model with the results by King (2005) , which can also reproduce with their 3D simulation, for different BH masses. Here, we assume the same spherical density distribution as , but integrate the equations of motion with our 2D model. Our results agree well with the analytical solution by King (2005) and with the 3D simulations by .
ISM, which was at rest first. Within ∼ 10 pc the density profile is almost spherically symmetric, but we can see a clear difference for the outflow beyond this radius for different angles with respect to the disc plane. While the shock front in the disc plane cannot escape the virial radius, the gas perpendicular to the disc plane gets ejected out of the galaxy.
We further illustrate the outflow dynamics in Fig. 6 . Depending on the angle, the outflow has typical velocities of 100-10000 km s −1 in our fiducial model. The bottom panel nicely shows how the outflow is re-accelerated in the perpendicular direction beyond ∼ 5 pc due to the exponentially decreasing ISM density. We show the time evolution of the shock structure in Fig. 7 . The outflow starts spherically symmetric, but develops an elongated shape, perpendicular to the disc plane after > 10 kyr. After ∼ 1 Myr, the outflow has stopped in the disc plane in our fiducial model and keeps propagating along the poles.
To analyse the influence of the individual driving and restoring forces, we plot the different contributions to the effective acceleration on a shell element in Fig. 8 . The main forces are the acceleration by the AGN (either L/c or the pressure of the adiabatically expanding shell) and the inertia of the swept-up gas, which has to be accelerated. The gravity from the BH and DM, as well as the self-gravity of the sweptup gas are negligibly small on all scales of interest. The total The concentric grey rings indicate the radius in log(r/pc) from 10 pc to 100 kpc and the magenta circle represents the virial radius at 980 pc. In the disc plane, the shock cannot propagate beyond a maximal radius of ∼ 20 pc and only gas at 47 • escapes the virial radius. The 1D wind is slower at 30 kyr, but ejects more gas out of the virial radius at later times. . Velocity maps for our fiducial galaxy model with the galactic disc along the x-axis and the virial radius highlighted in cyan. The linear scaling in the top panel illustrates nicely the overall geometry and the logarithmic scaling in the lower panel highlights different zones of interest: at small radii, the wind starts with a high velocity, but is decelerated by the increasing mass of the swept-up gas. Whereas the velocity is a decreasing function with radius in the disc plane, the shock accelerates in the direction perpendicular to the disc beyond ∼ 5 pc due to the strongly decreasing gas density in this direction.
acceleration changes sign several times: within 0.01 pc the wind accelerates the shell until the mass of the newly swept-up material becomes significant. Within 5 pc, the wind decelerates due to the inertia of the swept-up gas. Perpendicular to the disc, the wind accelerates again at 5 pc due to the decreasing gas density and hence smaller gas inertia. In the disc plane, the velocity is too small and the shock becomes subsonic. The deceleration and subsequent acceleration perpendicular to the disc plane around ∼ 5 pc can also be seen in Fig. 6 .
The contribution of IR and UV account for absorption in the UV and re-emission in the IR, following Ishibashi & Fabian (2015) with the IR and UV opacities κIR = 5 cm 2 g −1
and κUV = 10 3 cm 2 g −1 . Even for solar metallicity, these effects are subdominant compared to other contributions, but most importantly they are only relevant in the momentumdriven regime, where the momentum of the photons couples directly to the gas. See also Bieri et al. (2017) for a more Figure 7 . Time evolution of the shock front with the initial density distribution in the background. The shock front starts spherically symmetric but it quickly develops an elongated shape in the direction of least resistance, i.e. perpendicular to the disc plane. The virial radius for the galaxy is ∼ 1 kpc.
detailed discussion of the contribution of different photon groups to AGN feedback.
Parameter Study
The advantage of our analytical model is that we can easily explore large sets of parameters to study the dependence of the AGN-driven wind on e.g. the BH mass, redshift, or the AGN lifetime. In this section, we present different parameter studies and analyse their effect on the dynamics of the outflow. Some of the tested parameter combinations represent extreme scenarios and might be very rare in nature or not appear at all. We will also comment on the likelihood of the presented parameter choices.
AGN lifetime
We vary the time for which the AGN shines with a constant luminosity, ton, before we set its luminosity to zero, see Fig. 9 . For ton > 0.1 Myr the dynamics does not change, or phrased differently: for our fiducial galaxy model it does not make a difference whether the AGN is active for 0.1 or 10 Myr. In addition, this illustrates that the most significant part of the momentum transfer happens in the first ∼ 10 5 yr. If the AGN shines only for ton 10 3 yr it cannot eject any gas out of the galaxy. The mass outflow rate increases with the lifetime as the AGN-driven wind sweeps up more ISM and reaches its peak value ∼ 30 kyr after the AGN starts to shine. At this time, the asymmetry of the outflow starts to develop, the pressure-driving in the disc plane is less efficient because the internal energy can escape more easily perpendicularly to the disc plane, and the shock in the disc plane slows down. 
Redshift
In our fiducial model we focus on low-mass galaxies at z = 6, but our 2D approach can also be extrapolated to galaxies at other redshift and we show the redshift dependence of the AGN-driven outflow in Fig. 10 . The AGN-driven outflow is generally less efficient at higher redshift due to the deeper gravitational potential; i.e., a halo at higher redshift has a smaller virial radius for the same M h , due to the higher mean cosmic density. This trend would be amplified by a smaller gas mass fraction at lower redshift, which we do not include in our model: with cosmic time, gas is converted into stars and the remaining ISM exerts a weaker resistance against the outflow, which therefore can propagate further.
Initial wind velocity
The initial wind velocity is crucial, because it is the least well constrained parameter and directly influences the inner wind velocity, hence the Compton cooling time, and consequently the transition from momentum-to energy-driving ( Figure 11 ). For vin 0.1c the choice of the initial wind velocity does not affect the long-term evolution and the dynamics on galactic scales. However, for values slightly larger than our fiducial value vin = 0.1c, the transition to energy- For values above our fiducial parameter of v in = 0.1c the transition to energy-driving occurs at much larger radii (red, dark blue). Also, the evolution of the asymmetry of the outflow is remarkable: while the shock is more spherical in the momentum-driven phase, it becomes more asymmetric after transition to energy-driving than the outflow that is energy-driven from early on (see text).
driving in the disc occurs at significantly later times (see Section 3.3 for a more detailed discussion). We can observe another interesting feature: the later the transition from momentum-to energy-driving occurs, the more asymmetric the outflow will be in the late phase (Rperp/R disc at t 10 6 yr). Except for the tiny contribution of the shell self-gravity, the momentum-driven expansion in one direction does not depend on the outflow dynamics in another direction. This is in contrast to the energy-driven case, where the accelerating pressure depends on the volume enclosed by the shock front, which directly couples the outflow dynamics in different directions. Consequently, the energy-driven outflow develops an asymmetry once it encounters a path of least resistance, which makes the pressure fall and the acceleration in the disc plane smaller. In contrast, the momentum-driven outflow starts more spherical, even at larger radii, where the asymmetric density profile allows the outflow to propagate into a low-density directions. However, when the outflow now becomes energy-driven, with a higher momentum boost, the pressure does not continue Figure 12 . We compare the outflow, quantified by t ff in the disc plane, for different combinations of the Eddington ratio and the BH mass for two halo masses: 10 8 M (top panel) and 10 10 M (bottom panel). The blue vertical lines and hashed regions indicate the typical M BH for these halo masses, based on the M -σ relation (Gültekin et al. 2009 ). The outflow dynamics depends only on the product f Edd M BH and we clearly see two ranges of energy-and momentum-driven outflows, separated by a luminosity of ∼ 10 43 erg s −1 , as we will discuss in Sec. 3.3. The same AGN in a two orders of magnitude more massive halo generates fallback times of the gas that are about one order of magnitude shorter.
to accelerate the outflow in the disc plane, because there is already a very well defined path of least resistance in the perpendicular direction. In addition, the volume enclosed by the shock front in the moment of the late transition is smaller than the volume of an outflow with an early transition to energy-driving at the same time. Hence, the pressure rises above the value of the pressure of the outflow with an early transition, compare P (t ≈ 10 5 yr). At the same time we can see from the time evolution of the momentum boost that this higher pressure (at ∼ 10 5 yr) does not drive the acceleration in all directions to the same degree. It rather boosts the expansion perpendicular to the disc plane, for which the momentum-driven outflow has already paved a path of least resistance. We confirm that the momentum boost depends on the confinement time, i.e. the period over which the outflow is enclosed by gas of roughly the same density.
AGN luminosity
We have verified that the outflow dynamics on all relevant scales is determined solely by the AGN luminosity, i.e. the product of Eddington ratio and BH mass and not their individual values, see Fig. 12 . A small BH with a high Eddington ratio is therefore equivalent to a more massive BH with a smaller Eddington ratio, keeping in mind that high Eddington ratios are much less abundant then low or intermediate values (Habouzit et al. 2017; Weigel et al. 2017 ). The indicated freefall times yield the time that gas needs at least to fall back towards the centre once the AGN is off. It scales linearly with the radius out to which the gas is pushed in the disc plane with t ff = 5 Myr(R/R0). In Sec. 3.3 we discuss the origin of the transition to momentum-driving at higher AGN luminosities. We compare the models for different BH masses, at the same halo mass, fixing the Eddington ratio at f Edd = 0.3, in Fig. 13 and 14 . We also observe an interesting trend for the momentum boost, where we observe peak values of 100, with the lowest mass black BH generating the highest momentum boosts. Phrased differently, a lower mass BH is more efficient in converting its momentum and energy input into momentum of the outflow. For all considered BH masses, the AGN can drive outflows perpendicular to the disc beyond Rvir, but only for MBH 10 5 M the AGN can eject gas at θ 45
• , whereas the wind powered by less massive BHs is not strong enough and it becomes subsonic before reaching Rvir in the diagonal direction.
The dependence of the outflow on the Eddington ra- Figure 14 . Dependence of the gas ejection efficiency and the mass outflow rate on the BH mass for M h = 10 8 M and f Edd = 0.3. The ability to eject gas from the galaxy has a local peak at M BH ≈ 10 5 M , because for higher BH masses, i.e. AGN luminosities, the outflow is momentum-driven in the disc (see Sec. 3.3).
tio for different BH masses, at fixed halo mass, is shown in Fig. 12 . For small BHs (MBH 10 3 M ) outflows cannot push the gas beyond disc radius even for f Edd = 1. A large range of the parameter space allows for outflows to affect gas in the whole disc (yellow and green symbols in the upper panel of Fig. 12) , possibly regulating the time over which an AGN has to remain off before new gas flows in to feed a new accretion episode as well as star formation in the disc.
To push gas beyond R0, which is still only ∼ 3% of the virial radius, a BH should be as massive as 1% of the halo mass and have f Edd = 1, or 10% of the halo mass and have f Edd > 0.1. Note that these ratios between BH and halo mass are very large. The virial velocity of a halo, i.e. the circular velocity at the virial radius, is given by Vvir = 200 km s −1 (M h /10 11 M ) 1/3 at z = 6 (Ferrarese 2002; Wyithe & Loeb 2002; Volonteri et al. 2011) . Assuming that σ = Vvir/ √ 3 and the z = 0 scaling between BH mass and σ (Gültekin et al. 2009 ) yields
for the typical BH mass in a halo of mass M h . Simulations suggest that to correctly reproduce the luminosity function of AGN only a small fraction ( 25%) of high-redshift BHs in galaxies with stellar mass < 10 10 M is expected to have Eddington ratios above 0.01, with the majority of BHs accreting at f Edd < 10 −4 (Habouzit et al. 2017) . For these more realistic parameter combinations, with BHs on the M -σ relation and small Eddington ratios, we expect only short fallback times of the order 1 Myr. Therefore, BHs can grow almost continuously and the accretion phases are interrupted by comparably short episodes of AGN feedback: a ∼ 10 4 M BH in a 10 8 M halo has a recovery time of ∼ 1 Myr, indicating that accretion is not interrupted for long. A ∼ 10 6 M BH in a 10 10 M halo creates even shorter recovery times, making BH growth easier in higher mass systems.
The role of AGN outflows in driving large amounts of <0.02R 0 / t ff <0.1Myr Figure 15 . Efficiency of ejecting gas and preventing further accretion for different combinations of the BH and halo mass, quantified by the maximum radius the outflow reaches in the disc plane. The black dashed lines represent M BH ∝ M 1.6 h , illustrating thresholds of constant maximal radii. The blue line and shaded area show the expected BH masses and their error margins (Gültekin et al. 2009 ). Note that this relation is valid for local and more massive galaxies and should rather guide the eye and indicate typical host environments for a given BH mass than be used for a quantitative comparison.
gas out of halos appears limited, if they are the only source of feedback. A viable possibility is that AGN feedback needs SN feedback as a precursor. and Prieto et al. (2017) show that AGN feedback is inefficient without the aid of SN feedback: SN winds heat the cold gas in the galaxy, creating a rarefied environment where energy injection from AGN feedback can easily accelerate the gas. In the next section we discuss how an outflow can still regulate the duty cycle of BHs.
In the rest of the paper we do not vary the BH mass and the Eddington ratio independently, but keep the Eddington ratio at f Edd = 0.3 and vary the BH mass and consequently the AGN luminosity. The results for a different Eddington ratio can be rescaled accordingly.
Halo mass
We compare the outflow efficiency for different combinations of the halo and BH mass in Fig. 15 . As physically expected, the outflow becomes generally more powerful with a higher AGN luminosity and lower halo mass. However, there is a discontinuity of this trend at MBH ≈ 10 5 M , which we will discuss in more detail in the next section. We further note that contours of equal efficiency are steeper than linear in the log(M h )-log(MBH) plane. Even for the most extreme scenario of a ∼ 10 4 M BH accreting at 30% Eddington in a 10 6 M halo, the outflow hardly pushes the gas beyond R0 in the disc midplane. This indicates that the gas recovery always momentum-driven Figure 16 . Parameter study of the transition radius in the disc from momentum-to energy-driven outflows at 30% Eddington. We can identify three different regimes: the transition occurs at very small radii close to R min (green), the transition occurs at larger radii R 0 (yellow), or there is no transition at all and the outflow is always momentum-driven (orange). The last case also includes scenarios where the transition occurs at > R vir , which is irrelevant for our study.
times after AGN-driven winds are very short, of the order ∼ 1 Myr.
3.3 Momentum-driven outflows for AGN luminosities > 10 43 erg/s
We see in Fig. 16 that the transition from an initially momentum-driven to an energy-driven outflow occurs at different radii or not at all depending on the halo and BH mass for a fixed Eddington ratio. The nature of this transition can be better seen in Fig. 17 , where we show the time evolution of the pressure in a halo with M h = 2 × 10 9 M and an outflow powered by BHs of different mass. For MBH 10 5 M the transition to energy-driving occurs early (note that this is not our fiducial galaxy model, for which the transition occurs already at t < 0.1 yr). For BH masses of the order 10 5 − 10 6 M the outflow is always momentum-driven and for even higher BH masses of 10 6 M we see a late transition to energy-driving (small peak in the red curve around t ≈ 10 6 yr). This trend can also be seen from a comparison of the relevant time-scales in Fig. 18 . The three different regimes can be understood as follows: for a low BH mass (i.e. AGN luminosity) we see an early transition to energy-driving, because of the initial smaller acceleration by the AGN (green, light-blue). For significantly higher AGN luminosities (dark-blue, purple) the outflows remains momentum-driven and reaccelerates beyond ∼ 5 pc (compare Fig. 6 ), which decreases the flow-time and makes the outflow energy-driven. The intermediate cases (orange, red) Figure 17 . Time evolution of the pressure in a halo with a mass of 2×10 9 M for BH masses spanning 2 orders of magnitude. This represents a vertical slice in Fig. 16 . The transition to an energydriven outflow occurs at different times or not at all, depending on the BH mass, i.e. on the AGN luminosity.
also remain momentum-driven, but become subsonic before they reach ∼ 5 pc.
We can understand these transitions at systematically different radii based on simple analytical arguments. The Compton cooling time as a function of radius r is given by Eq. 41 or for typical parameters:
To derive the relevant flow time, we have to make several simplifying assumptions. If the transition to energy-driving occurs, it occurs at < 1 pc (compare Fig. 18 ), which is within the sphere of influence and the density in this inner part can be assumed to be constant. Furthermore we neglect the gravity of the BH. This assumption might seem to be in contradiction to being within the BH's sphere of influence, but the gravitational force is proportional to the mass of the swept-up ISM, which is negligibly small at the radii of interest (compare Fig. 8 ). The equation of motion is then given by
with the shell's velocity v =ṙ and the shell mass M shell = 4/3πr 3 ρ0. The central gas density ρ0 can be derived from the exponential disc profile as
where H0 Figure 18 . For a fixed halo mass of M h = 2 × 10 9 M we plot the ratio of the flow and the cooling time of the AGN-driven outflow as a function of radius (position of the shell) for different BH masses in the disc plane. All outflows start momentum-driven, but if the flow time becomes shorter than the cooling time, Compton cooling can no longer cool the shock efficiently and the shock becomes energy-driven. However, above M BH 10 5 M the cooling time is always shorter than the flow time in the disc and both have the same scaling with radius of t ∝ r 2 . For even higher AGN luminosities, a late transition to energy-driving occurs on galactic scales.
form r(t) = r0 t t0
which yields directly the same scaling with radius for the flow time as for the cooling time:
We note again that this result is only valid for the inner part of the disc, where the density can be assumed to be constant and the mass of the swept-up gas is still negligible for the gravity. For the flow time as a function of radius we obtain (53) Setting it equal to the cooling time we can conclude that the outflow is always momentum-driven if the BH and Eddington ratio fulfil
or expressed via the AGN luminosity
Note the independence on the halo mass and the strong dependence on the not well-constrained initial velocity of the inner wind vin. Uncertainties in this parameter can change the resulting transition luminosity by up to three orders of magnitude. The analytically derived BH transition mass, 4 × 10 5 M , is close to the one obtained in the 2D simulation of ∼ 2 × 10 5 M . The small difference is related to the necessary approximations in order to analytically solve the equation of motion. The strong redshift dependence indicates that the transition mass above which a BH can no longer drive an efficient energy-driven wind in the disc is higher at low redshift, caused by the redshift dependence of the central density.
The parameter dependences can be explained as follows: a higher Eddington ratio f Edd yields more photons by the AGN, which boost the cooling via inverse Compton scattering. At lower redshift, the gravitational potential is shallower for the same halo mass, which makes the shell velocity higher, the flow time smaller, and hence requires more efficient cooling to sustain a momentum-driven outflow. The initial wind velocity is directly proportional to the post-shock temperature (Eq. 28) and hence defines the internal energy of the shocked wind.
Momentum-driven outflows around the threshold luminosity LAGN ≈ 10 43 erg s −1 or slightly above generate a smaller momentum boost (Fig. 13) , are less powerful in ejecting gas out of the galaxy (Fig. 14) , and drive the gas in the disc plane to smaller maximal radii (Fig. 12, 15 ). More luminous AGNs with MBH ≈ 10 7 M and f Edd = 1.0 in 10 8 M halos are the only systems that create recovery times of the gas in excess of 5 Myr (Fig. 12) via momentumdriving. However, such a combination of Eddington ratio, BH and halo mass is very unlikely.
Gas ejection perpendicular to the disc
So far, we have focused on the gas dynamics in the disc plane and have seen that AGN-driven winds in 2D push the gas in the disc plane at most to about the scale radius R0. If we instead focus on the gas dynamics and outflow velocities at higher inclination, we can study the wind on galactic scales and relate it to observations of gas dynamics in high-redshift galaxies. In Fig. 19 , we compare the outflow velocities at the virial radius for different angles with respect to the disc. For better comparison, we normalize the velocities to the virial velocity of the corresponding halos,
A low halo mass and a high AGN luminosity generate outflows with higher velocities, as naively expected. As before, this general trend is interrupted by the transition between energy-and momentum-driving around a BH mass of 10 5 M . Above this threshold, the outflow remains energydriven at high inclination, but turns momentum-driven in the disc and a part of the post-shock thermal energy is radiated away. This reduces the pressure and therefore the adiabatic acceleration in all directions.
There is a large parameter range, for which gas at θ 45
• cannot escape the halo (red diamonds). In contrast, close to the disc normal, gas is energy-driven and ejected with high velocities of > 10 4 km s −1 . AGN-driven outflows eject gas out of the galaxy and the direction-dependent velocities at Rvir range from 100 km s −1 to mildly relativistic velocities close to the disc normal in agreement with observations (Chartas et al. 2002; Pounds et al. 2003; Cappi 2006; Feruglio et al. 2010; Rupke & Veilleux 2011; Aalto et al. 2012; Gofford et al. 2013; Cicone et al. 2014) . The subset of models that can not even eject gas at θ = 10
• (red diamonds in the right panel) are the models where the outflow is always momentum-driven in the disc (compare Fig. 16 ). However, one should keep in mind that these results were derived for an Eddington ratio of 30% and higher values increase gas ejection (only the product of Eddington ratio and BH mass enters in the equation of motion and results can be rescaled accordingly).
Comparison to spherical case
In this section we highlight the importance of a 2D approach by comparing it directly to the solutions obtained in a 1D model. We assume that the gas in the 1D model follows the distribution of the DM, which we describe by a Hernquist profile (Eq. 14). We first compare the general dynamics in our fiducial model in Fig. 20 . The 1D outflow is momentumdriven for a longer time and therefore starts with smaller velocities. However, once the 1D outflow becomes energydriven, it ejects all the gas out of the virial radius, whereas the 2D model can only eject a smaller fraction of the total gas. We further quantify this effect in Fig. 21 . In a spherical model the ejected mass is either 0% for ton 10 5 yr or 100% for ton > 10 5 yr, whereas in our 2D model the ejected mass increases gradually with ton, and reaches saturation at 11% for ton 10 5 yr. In this regime, the 1D model overestimates the efficiency of an AGN-driven outflow by one order of magnitude in our fiducial galaxy model. It is difficult to further extrapolate these results to 3D. If we assume the same disc-like geometry in 3D, the ejection fractions and fall-back times may not change much. However, a 3D model allows for a more accurate treatment of the inhomogeneous ISM, which could increases or decreases the overall outflow efficiency, as we discuss in Sec. 4.5.
In Fig. 22 we plot the efficiency of the 1D model in ejecting gas out to a certain radius. To quantify the efficiency of the outflow in the 1D Hernquist profile we apply the same scaling radius, R0, as for 2D exponential disc (Eq. 5) to check if the outflow can reach at least this radius. The enclosed gas mass within R0 in both scenarios is roughly the same with less than a factor two difference. There is a large parameter range for which 1D models can eject all the gas out of a galaxy. This range is of special interest, because it encloses halo masses of ∼ 10 7 − 10 9 M , which are typical masses of dwarf galaxies at low redshift and of high-redshift galaxies, which might host the first massive BH seeds. Above a certain halo mass of ∼ 10 9 M , which corresponds to a typical BH mass of 10 5 M , the AGN (at 30% Eddington) is not powerful enough to eject gas out of the galaxy.
We compare these results to Park et al. (2016) and Pacucci et al. (2015) , who use 1D radiation-hydrodynamics simulations to study the effect of radiative feedback on the growth of BHs in small halos. They show that light BHs of ∼ 100 M cannot grow efficiently via radiation-regulated accretion. Pacucci et al. (2015) further derive an analytical expression for this critical BH mass, which is in the range 10-10 6 M , depending on the accretion scenario and the host properties. In our 1D comparison model, we find a compara- >V vir no escape Figure 19 . Outflow velocities at the virial radius, normalized to the virial velocity for different angles with respect to the disc normal. All models are with f Edd = 0.3 and the general trend is that more massive BHs in less massive galaxies create higher outflow velocities, close to the disc normal even in excess of 10 4 km s −1 . However, there is also a wide range of models that cannot eject gas at θ > 45 • beyond the virial radius. , where we distribute the disc gas mass following a Hernquist profile. The transition to momentumdriving occurs at later time and larger radius, which is partially caused by the different radial density profiles for the Hernquist profile in 1D and an exponential disc in 2D. In the spherical model, all gas is ejected beyond R vir . Figure 21 . Fraction of the disc mass that is ejected by the AGNdriven wind as a function of the time over which the AGN shines with a constant luminosity (fiducial model with f Edd = 0.3). In the 1D model either no or all the gas is ejected out of the virial radius and this transition occurs at ton ≈ 10 5 yr. In our 2D model we see a gradual rise of the ejected mass until it reaches the final value of ∼ 10% at ton 10 5 yr. This demonstrates the strength and importance of a 2D treatment of AGN-driven feedback, compared to a simplistic 1D model. ble mass range of MBH ≈ 10 2 − 10 7 M , where the BH can completely eject the gas out of a host halo (M h 10 9 M ) and hence prevent rapid mass growth of the BH. For a fixed halo mass and Eddington ratio in two dimensions, a higher mass BH generates stronger outflows and ejects the gas to larger radii. This makes lower mass BHs less efficient in stopping their own gas supply and hence more susceptible for mass growth at high duty cycles. This is the inverse trend of Pacucci et al. (2015) and Park et al. (2016) , who find low mass BHs to be more efficient in stopping their own gas supply. These differences are likely caused by different as- sumptions on what drives the outflow: Pacucci et al. (2015) and Park et al. (2016) study the direct influence of radiation pressure from the BH on the accretion process, while we model AGN-driven winds. For instance, the critical mass for radiation pressure to significantly change the mass accretion rate (Pacucci et al. 2015) and reduce growth is related to the significance of the Eddington limit. The inflow rate is determined by the halo properties. If a given halo provides the same amount of gas inflow to a small BH or a large BH, it will be the smaller BH that will reach the Eddington limit first, having its growth stunted.
We note that the differences between the 1D and 2D model presented in this section might partially depend on the different scaling of the density with radius and hence on the different radii where the outflow becomes energydriven. However, the qualitative differences between the 1D and 2D model remain still valid beyond these differences in the density profile.
DISCUSSION
We have developed a new 2D analytical model of AGNdriven outflows and present the results for various galaxies and a range of typical conditions. The additional dimension with respect to previously existing 1D models allows to account for the direction-dependent density profiles. This has significant consequences on the maximally ejected gas mass fraction, on the momentum boost, and on the condition to stop further accretion on the central BH.
Advantage of 2D
With a more realistic disc-profile we confirm the results of 3D hydrodynamic simulations that the outflow propagates preferentially towards low density regions. In the momentum-driven regime this is simply due to the lower column densities perpendicular to the disc and hence the lower gas masses that have to be accelerated. In the energydriven regime, however, the evolution of the entire confined volume is relevant for the acceleration of the shock. Once the energy-driven shock has created a chimney perpendicular to the disc, the pressure and internal energy can escape and the driving in the disc plane is significantly reduced.
Naturally, we find that an AGN drives the gas out to different radii for different angles, before the shock front becomes subsonic or crosses the virial radius. In 1D models there is only one threshold AGN luminosity above which all the ISM is ejected and below which the AGN wind is not efficient enough. For none of our models the AGN can eject all the gas out of the galaxy.
If we define the criteria to stop further accretion on to the SMBH via the minimum time that the swept-up gas needs at least to fall back to the centre, or equivalently that gas is swept out at least to a given radius in the disc plane, we find that this condition results in a proportionality of MBHf Edd ∝ M 1.6 h (Fig. 15) . The power of this scaling is independent of the exact maximal radius or minimal time chosen. However, the absolute value of this threshold has to be quite small (Rmax 0.01Rvir), if we want to reproduce the observed M -σ relation with our 2D analytical model of AGN feedback (blue line in Fig. 15 ).
For σ ≈ Vvir ∝ M 1/3 h (Ferrarese 2002; Loeb 2010; Volonteri et al. 2011) we find a scaling between the BH mass and the halo velocity dispersion of
which is close to the proposed slope of MBH ∝ σ 5 for an energy-driven outflow in 1D models (Silk & Rees 1998; Haehnelt et al. 1998; Fabian 2012; McQuillin & McLaughlin 2013) .
We do not include SN feedback in our model, which is also expected to change this relation between the galaxy mass and the efficiency to eject gas. We compare SN-driven outflows to AGN-driven winds in more detail in Dashyan et al. (2018) . Moreover, our properties of the galactic disc are intrinsically linked to the DM halo by assuming that a constant fraction of the gas with a certain fraction of the angular momentum settles into the disc (Mo et al. 1998) . Therefore, we cannot disentangle the effect of our 2D density distribution and the underlying DM halo on the M-σ scaling with our analytical model. Our new 2D model further allows for new interpretations of existing observations. Cicone et al. (2015) present Cii and FIR continuum observations with the Bure Interferometer of a quasar and its host galaxy at z = 6.4189. The Cii reveals velocities up to 1400km s −1 and outflow with a complex morphology out to ∼ 30 kpc. They find no evidence for a regular rotation pattern and identify 48 individual clumps with dynamical times in the range 10 6.6−8.0 yr. They interpret the spread in outflow times as a non-constant AGN luminosity causing various outbursts. However, it could also be related to projection effects or simply different flow times in different directions with respect to the disc plane (compare Fig. 2 ). This supports the importance of modelling AGN outflows in 2D to allow for an outflow with different velocities in different directions.
Outflow efficiency as a function of the AGN luminosity
The efficiency of an outflow can be defined in different ways: either by its ability to convert input energy into momentum of the outflow (momentum boost), or by its ability to evacuate the ISM within a certain radius and preventing further gas accretion for a certain time. In this section, we use these two quantifications to compare AGN-driven outflows in the momentum-and in the energy-driven regime. BHs of lower mass or accreting at lower Eddington ratio have a higher momentum boost: that is, they have a stronger push relative to the input momentum. The momentum loading of the outflow increases with decreasing AGN luminosity, because if the luminosity is too high, the outflow rapidly propagates towards lower density regions and paves a path of least resistance perpendicular to the disc plane. Consequently, the shocked wind can adiabatically expand in this direction without transferring its momentum to the denser gas in the disc plane. An outflow driven by a lower luminosity AGN remains confined for longer and therefore has more time to transfer its momentum to the gas.
However, the strength of the outflow, defined as its ability to push gas out to a given radius, e.g., the disc radius R0, is higher the more massive and highly accreting BHs are (Fig. 12, 15 ). High-luminosity AGN are more efficient in driving an outflow out to large galactic radii and hence suppress their own gas supply for a significant amount of time. For instance Fig. 12 shows that in a halo of 10 8 M an AGN with luminosity below < 10 40 erg s −1 shuts off accretion for only < 1 Myr, an AGN with luminosity 10 40 erg s −1 < LAGN 10 43 erg s −1 shuts off accretion for ∼ 1 Myr, and an AGN with luminosity above > 10 44 erg s −1
shuts off accretion for > 10 Myr. These AGN luminosities of log(LAGN/erg s −1 ) = 40, 43, 44 correspond to BH masses of roughly 10 2 , 10 5 , 10 6 M at f Edd = 1.0. In a more massive halo these time-scales are even shorter, since they depend on the virial radius.
For AGN luminosities 10 43 erg s −1 , the outflow remains momentum-driven in the disc out to galactic radii. For AGN luminosities around this threshold, the momentumdriven outflow is less powerful in ejecting gas out of the galactic potential and in preventing further mass accretion in the disc plane, compared to an energy-driven outflow in the same galaxy. However, at even higher AGN luminosities, the AGN is more efficient and can prevent further gas infall for > 10 Myr, whereas the energy-driven outflow can only push gas in the disc plane out to distances, which correspond to a recovery time of ∼ 1 Myr. The main reason for this difference is that the direct momentum input acts more isotropically and works still in the higher-density disc plane, even if there is already a path of least resistance in the perpendicular direction. In contrast to the energy-driven outflow, where all the pressure can escape perpendicular and does not push the gas in the disc plane to larger radii.
Driving mechanism
For low AGN luminosities, the transition from momentumto energy-driving in the disc plane occurs on very small, i.e. sub-pc, scales in our models. For higher AGN luminosities beyond LAGN 10 43 erg s −1 , we observe that the outflow remains momentum-driven in the disc. In all models we see a mildly relativistic, energy-driven outflow close to the disc normal. This outflow develops due to the low column density in this direction, which causes very high accelerations. The ejected mass in this cone is negligible compared to the gas mass in the disc. Previous 1D models find that the transition from momentum-to energy-driving occurs on scales of ∼ 1 kpc (Ciotti & Ostriker 1997; King 2003; King et al. 2011; Zubovas & King 2012) , several orders of magnitude larger than what we find in our 2D model. In our 1D comparison model this transition occurs around 1 pc (Fig. 20) , but our halo mass is lower than in other 1D studies. Bourne & Nayakshin (2013) model the expected X-ray signature of inverse Compton cooling in a one temperature medium and with thermally decoupled electrons in the postshock wind. They argue that current observations of AGN do not show evidence of Compton cooling from a one temperature medium and weak constraints on a possible cooling from a two-temperature medium. This observation supports the theory of energy-driven winds on galactic scales that do not radiate away their thermal internal energy. This suggests that most AGN-driven outflows are energy-driven.
We derive a characteristic AGN luminosity above which the wind remains momentum-driven in the galactic disc (Eq. 54). For our fiducial parameters this characteristic luminosity corresponds to a BH mass of the order ∼ 10 5 M , which is independent of the halo mass, but it strongly depends on the redshift and the initial wind velocity.
In this paper, we focused on galactic outflows driven by the inner disc wind of the AGN. However, the ISM could also be accelerated directly by the radiation pressure from the AGN (Ishibashi & Fabian 2014 Thompson et al. 2015; Costa et al. 2018) . Although this mechanism can be efficient close to the SMBH, radiation pressure can accelerate gas only up to an effective optical depth of order unity. For electron scattering this transparency radius, where τ ≈ 1, is (King & Pounds 2014 Rtr ≈ 50 pc fgas 0.17
beyond which direct driving by radiation pressure from the AGN cannot accelerate galactic outflows. The inclusion of dust increases the efficiency of direct radiation pressure on the ISM, due to the higher cross-section of dust and the consequently larger transparency radius of several kpc (Ishibashi & Fabian 2012 King & Pounds 2015) . The momentum input of such a radiation pressure-driven wind can be comparable to that of a momentum-driven wind, but the main difference is the frequency-dependent cross-section of dust (with a peak in the UV). Consequently, not all gas might experience the radiation pressure due to its locally low opacity or due to self-shielding by higher opacity regions. Even hybrid models might be realistic, where the inner wind does not directly emerge from the disc, but is accelerated by radiation pressure. In any case, if radiation pressure on electrons and dust drives galactic gas outflows, the accelerated ISM prefers the path of least resistance, which requires a 2D treatment.
Inferences on quasar outflows
The AGN-driven outflows of our fiducial model eject gas out of the galaxy and the direction-dependent velocities at Rvir range from 100 km s −1 to mildly relativistic velocities close to the disc normal. Most observations, however, target higher-luminosity, lower-redshift AGN. Our model is not intended to simulate quasars in high mass galaxies at relatively low redshift, where the gas content is expected to be lower than the universal baryon fraction and a large stellar component is expected. We can, however, speculate on the qualitative behaviour of the outflows by studying the properties of a luminous AGN with luminosity 10 47 erg s −1 in a halo with mass ∼ 10 12.5 M at z ∼ 2 as a reference case (e.g., Prochaska et al. 2013 ) with 10% and 100% gas fraction.
Also in these models velocities range from 100 km s
to almost 10 4 km s −1 , in agreement with observations. Gas is able to escape from ∼ 60% to 10% of the total solid angle for 10% and 100% gas fractions, respectively. This is the region in the halo within which the outflow is energy-driven (see Sec. 3.4 for details). The amount of gas escaping from a given direction is, however, not a monotonic quantity. A small amount of gas is pushed at small opening angles around the normal to the disc, as the subtended gas mass is small; the gas mass increases with increasing distance from the normal, but eventually it drops, when the outflow in that direction is unable to escape, analogously to what we see in Fig. 7 for our fiducial set of parameters.
This appears in nice agreement with the observational results of Hennawi & Prochaska (2007) and Prochaska et al. (2013) , who find a low incidence of gas absorbers along the line of sight to quasars ("down-the-barrel"), and they argue that gas in this direction is photoionized, while the incidence of absorbers in the transverse direction is larger towards smaller scales, implying an increasing density and covering fraction of neutral gas towards the quasar.
The outflow properties in terms of velocity, asymmetry, and energetics are also in good agreement with observations (Prochaska & Hennawi 2009 ). One important difference is the gas temperature. The observed gas is cool, ∼ 10 4 K, and cannot have been shock heated recently, which disfavours AGN-driven outflows (especially energy-driven ones) as an interpretation. However, depending on the time-scales, the gas could already have cooled down, after being pushed out by the AGN wind.
Caveats
We treat the ISM as homogeneous and assume that the AGN-driven shock sweeps up all the enclosed gas. Real galaxies have a multiphase ISM with Hii regions and dense molecular clumps, which alter this simplistic treatment. Theoretical models of the impact of AGN winds ) and jets (Wagner et al. 2012 (Wagner et al. , 2013 Cielo et al. 2017) on a clumpy ISM show that dense clumps can be dissolved by IR photons that can penetrate into these clumps. The efficiency of the AGN-driven wind depends on the size and filling factor of these dense clumps. A galaxy with many small isolated clouds experiences efficient cloud dispersion compared to a galaxy with fewer but bigger cloud complexes. By neglecting the realistic ISM structure, we overestimate the outflow efficiency, because a fractal ISM predefines already paths of least resistance and the momentum transfer to dense clumps is smaller compared to a homogeneous ISM. On the other hand, the low-density gas between the clumps is accelerated and ejected more easily.
The shock can also form dense cold clumps via dynamical instabilities as shown by Costa et al. (2015) , which we do not include in our model. The contact discontinuity is strongly Rayleigh-Taylor unstable and might give rise to the formation of clumps that form behind the shock front and decouple from the outflow. These denser entities could also be the constituents of the high-speed molecular outflows. Recently, Ferrara & Scannapieco (2016) model the formation of molecular clumps in AGN-driven outflows with 3D simulations. They find that clumps might form at the transition from momentum-to energy-driving, but they get rapidly dissolved by the hot shock gas flowing past them (see also Bieri et al. 2017; Richings & Faucher-Giguère 2018) .
Our analytical model focuses on isolated galaxies to better study the influence of individual parameters, independently from the cosmological environment. Therefore we are not able to take into account large-scale effects, such as the clustering of galaxies (Gaspari et al. 2011a (Gaspari et al. ,b, 2014 , the accretion of cold gas along cosmic filaments, or galaxy mergers.
We assume the AGN luminosity to be constant during the lifetime of the AGN. This is a necessary assumption to clearly disentangle the influence of different input parameters. Different groups study the radiation-regulated accretion on to the BH and demonstrate the importance of multidimensional hydrodynamical simulation to self-consistently follow the accretion and resulting luminosity (Park & Ricotti 2011; Sugimura et al. 2017; Negri & Volonteri 2017) . The accretion rate and hence the AGN luminosity oscillate by up to two orders of magnitude on time-scales of several thousand years, shorter than the lifetime of the AGN in our model. Gilli et al. (2017) investigate galactic outflows driven by an AGN with exponentially increasing luminosity, i.e. they self-consistently account for the mass growth of the central BH at constant Eddington ratio. They find that the late time expansion of the radius in their 1D model is also exponential, irrespective of the details of the driving mechanism.
We only distinguish between the momentum-and energy-driven phase, whereas Faucher-Giguère & Quataert (2012) also account for the "intermediate partially radiative bubble stage". In this phase, the cooling time is shorter than the flow time but longer than the crossing time of the shock and the shock cools only partially. Although we agree that a more realistic transition from one driving mechanism to another is necessary, this does not affect our fiducial model since the transition occurs already very early and is very sharp.
The weak collisional coupling between protons and electrons in the shocked wind can increase the Compton cooling time by two orders of magnitude (Sec. 2.4.2). We do not implicitly include this effect, but as pointed out by FaucherGiguère & Quataert (2012), the more realistic treatment of the shock as a two-temperature medium significantly de-creases the efficiency of inverse Compton cooling. This does not change anything in our fiducial model, because the transition to energy-driven occurs already at very small radii. However, the AGN transition luminosity, above which the outflow is always momentum-driven in the disc (Eq. 54) will be higher as it scales LAGN,crit ∝ t 2 compton . An additional increase of the Compton cooling time can be achieved by the inclusion of Compton heating. Sazonov et al. (2004) determine the equilibrium Compton temperature of gas exposed to a characteristic AGN spectrum to be TC = 2 × 10 7 K, which is insensitive to obscuration effects. The equilibrium Compton temperature is equal to the mean photon energy averaged over the AGN spectra. They conclude that the characteristic Compton heating and cooling rates per particle should be the same within a factor of ∼ 2. Most of the Compton cooling will be provided by the IR component, whereas the Compton heating is dominated by the high-energy component. The maximum radius out to which an AGN can heat low density, highly ionized gas by Compton heating is rC = 0.4 kpc f Edd 0.1
For ionization parameters below ξ 10 5 the gas cannot be heated to TC , due to other more efficient cooling mechanisms. A more detailed discussion of the effect of Compton heating is given in Sazonov et al. (2004 Sazonov et al. ( , 2005 .
Hydrodynamical simulations of a geometrically thin and optically thick accretion disc show that the disc wind might not be isotropic, as assumed in our model, but has a covering factor of ∼ 20% (Proga et al. 2000) . Moreover, the initial wind velocity itself might depend on the angle to the disc with higher velocities in the perpendicular direction and a possible self-shadowing effect by the outer part of the disc amplifies this anisotropy (Sugimura et al. 2017) .
SUMMARY AND CONCLUSION
We present a new 2D analytical model for AGN-driven outflows and demonstrate the importance of a more realistic gaseous disc profile for the outflow dynamics. In contrast to simplistic 1D models, we predict smaller gas ejection fractions and shorter fallback times, both facilitating an efficient mass growth of BHs via feeding from galactic scales. This is related to the energy-driven nature of the outflows, which pave a path of least resistance perpendicular to the disc and hence prevent efficient driving in the disc plane. We confirm earlier results that AGN-driven winds can transport energy and momentum from sub-pc scales around the BH to galactic scales and thereby regulate the co-evolution of a galaxy and its central BH.
Our main results are as follows:
• For typical high-redshift galaxies, the AGN can eject at most ∼ 10% of the ISM out of the halo, whereas 1D models predict complete gas ejection under similar conditions. At high redshift, the ejected gas mass fractions are lower due to the deeper gravitational potential, compared to similar galaxies at low redshift.
• The characteristic time for which the AGN can suppress further gas supply is remarkably short, of the order a few million years. We find AGNs with a low luminosity to be more efficient in converting their input energy into outflow momentum, because the swept-up medium is confined for longer by the shock front and has consequently more time to store up internal energy.
• We also find a systematic transition in the outflow nature: for AGN luminosities below 10 43 erg s −1 the outflow is energy-driven, independent of the halo properties. At higher luminosities, the outflow remains momentum-driven in the disc plane.
• Independently of the exact criterion to suppress further gas accretion, we find a slope of MBH ∝ σ 4.8 for the M -σ relation.
Our new model highlights the importance of a realistic 2D density profile to predict the ejected gas mass fraction and fallback time. We can reproduce results of 3D hydrodynamical simulations with much less computational effort, although more realistic models are still necessary to correctly account for the substructure of the ISM and for environmental effects. Our results can be used as an improved subgrid model in cosmological simulations or semi-analytical models of galaxy formation to predict the efficiency of AGN feedback.
